The enthalpies of formation of transition metals diborides in various structures have been obtained from density functional theory (DFT) calculations in order to determine the ground state at T = 0 K and p = 0. The evolution of the enthalpies of formation along the 3D, 4D, and 5D series has been correlated to the considered crystal structures. In the whole, the calculated values of the enthalpies of formation of the diborides in their ground state are in good agreement with the experimental ones when available. The calculated values of the lattice parameters at T = 0 K of the ground state agree well with the experimental values. The total and partial electronic densities of states have been computed. Special features of the transition metal electronic partial density of states have been evidenced and correlated to the local environment of the atoms.
Introduction
Transition metal borides are of great technological interest due to their physical and chemical properties such as high melting point, hardness, thermal conductivity, and chemical inertness. Diborides of transition metal of the beginning of the series possess the layered hexagonal C32 structure of AlB2-type (hP3). Diborides of elements of Mn and Fe columns crystallize in the hexagonal ReB 2 -type OPEN ACCESS structure (hP6) or in the orthorhombic RuB 2 -type structure (oP6). Elements of Cr column such as Mo and W adopt more complicated structures: MoB 2 -type (hR6) and WB2-type (hP12). The mechanical properties of these diborides have been extensively studied experimentally or theoretically. A comprehensive review about the properties of borides obtained from experiment and theoretical calculations was given by Ivanovskii [1, 2] .
The aim of the present work is to obtain from density functional theory (DFT) calculations the enthalpies of formation of diborides of transition metals of the beginning of the 3D, 4D, and 5D series. The structures which have been considered are hP3 (AlB 2 -type), hR6 (or hP18) (CaSi 2 -type or MoB 2 -type), hP12 (WB 2 -type), hP6 (ReB 2 -type), oP6 (RuB 2 -type). Additionally, we have included in our study the following two structures: hR3 (CaSi 2 -type), and tI12 (ThSi 2 -type). This last structure has been included because first principles calculations have shown that this structure could be stable at high pressure in the cases of TiB 2 [3] and MoB 2 [4] compounds. The characteristics of the structures considered in the present work are given in Table 1 [5] [6] [7] [8] [9] [10] [11] [12] [13] . [14] . Indeed, these authors have recently investigated a large number of binary boron alloys. The convex hull of enthalpies of formation at zero temperature and pressure has been proposed for a large number of binary boron-based systems.
Investigations of the evolution of the enthalpies of formation of 4D and 5D transition metal diborides have been published [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Some of these studies are restricted to the AlB2-type structure [15] [16] [17] [18] [19] . In others, the enthalpies of formation of the diborides in the hR6, hP12, hP6, and oP6 structures have been calculated either in 4D [20] [21] [22] or in the 5D series [23] [24] [25] [26] [27] .
Computational Details
The DFT calculations were performed with the Vienna ab initio simulation package (VASP) [28, 29] , making use of the projector augmented waves (PAW) technique [30, 31] . For the generalized gradient approximation (GGA) exchange correlation functional, we have used the Perdew-Burke-Ernzerhof parameterization (PBE) [32] . A plane-wave cutoff energy of 400 eV for each element has been taken. For the Brillouin-zone integration, the Methfessel-Paxton [33] technique with a modest smearing of the one-electron levels (0.2 eV) was used. The structures are fully relaxed. Care is taken that no additional symmetries are gained during the relaxation procedure. For all the hexagonal structures, a gamma centered k-point grid is used. For the other structures, a Monkhorst-Pack [34] grid is chosen. In each case, the number of k points has been determined such a way that the number of irreducible k points multiplied by the number of atoms in the cell is at least greater than 500. In this way, there is convergence of the values of the lattice parameters and of the total energy. All calculations are performed using the "accurate" setting within VASP to avoid wrap-around errors. With the chosen plane-wave cutoff and k-point sampling, the reported enthalpies of formation are estimated to be converged with a precision better than ±0.2 kJ/mol of atoms. Spin-polarized calculations have been performed in the cases of CrB2, MnB2, and FeB2 compounds.
The energy of formation per atom,
, is obtained from the minimum total energy of the compound
TM B (expressed per atom) by subtracting the composition-weighted minimum total energies of pure TM element in its stable state at T=0K and α rhombohedral boron (hR 12):
At T = 0 K and p = 0 Pa, the formation enthalpy
equals the calculated formation energy when the zero-vibration contribution which is much smaller is ignored. We chose the α rhombohedral boron (hR 12) as reference state. The reference state usually taken in the databases [35] is β rhombohedral boron (hR 105 without defects). Two recent works [36, 37] have shown that α rhombohedral boron is the most stable structure at T = 0K. This point has been discussed in a previous publication [38] .
Results
The enthalpies of formation of the diborides in the various structures we have considered in the present work are displayed in Figure S1 and Table S1 of the supplementary data. The values reported for CrB2, MnB2, and FeB2 compounds correspond to spin-polarized calculations: anti-ferromagnetic states in the case of CrB2 and MnB2, and ferromagnetic state in the case of FeB2. In the case of MnB2 where the magnetic effects are important the values of the enthalpies of formation of the various structures in the non-magnetic and anti-ferro magnetic state are presented in the supplementary data. The first observation is that three sets of values are clearly defined. The first set corresponding to the C32 and ThSi2-type structures, the second set to the hP12 (WB 2 -type) and hR6 (CaSi 2 -type) structures, and the third set to hP6 (ReB 2 -type), oP6 (RuB 2 -type), and hR3 (CaSi 2 -type) structures. In each set, the values of the enthalpies of formation are very close. The enthalpies of formation of the diborides in the hP3 and tI12 structures present a regular increase with the atomic number of the transition metal. The enthalpies of formation of the hP12 and hR6 structures present an increase with the atomic number in the 3D series, a decrease from Zr to Nb or from Hf to Ta and then a regular increase with the atomic number. In the hP6, oP6, and hR3 structures, one observes a minimum of the enthalpy of formation for the transition metals of the Mn column. Inspection of the values of the enthalpies of formation allows to obtain the ground state for each diboride at T = 0K and under zero pressure: C32 for Ti, V, Zr, Nb, Hf, hP12 (WB2-type) for Ta and Cr, hR6 (CaSi2-type) for Mo and W (in these two cases the enthalpy of formation of the hP12 structure is less stable than the hR6 one of less 1 kJ), hP6 (ReB2-type) for Mn, Tc, and Re, oP6 (RuB 2 -type) for Ru and Os diborides. A comparison with the experimental information may be found in Table 2 . In the case of the FeB2 compound we reported in Table 2 the ground state found by Kolmogorov et al. [39] and confirmed later by Li et al. [40] . Indeed, Kolmogorov et al. [39] found that in the case of FeB 2 an orthorhombic structure, oP12, is more stable than the other structures. The results presented in Table 2 are in agreement with the results published by Van der Geest and Kolmogorov [14] . The discrepancies observed with the experimental investigations have already been discussed by these authors. In the case of MnB 2 compound, all the GGA calculations show that the hP6 structure is the most stable one. Recently, Fan et al [41] have shown that hP3-MnB2 is stable and hP6-MnB2 is not stable at high temperature and pressure. Therefore, in the experimental conditions, only hP3-MnB2 can be synthesized. More recently, Gouet al. [42] performed calculations using the GGA+U functional and have shown that hP3-MnB2 is more stable than hP6-MnB2. As conclusion, further investigations are needed in order to clarify the problem. Figure 1 . Enthalpies of formation of the TMB2 compounds in the hP3 (AlB2-type), tI12 (α-ThSi2-type), hP12 (WB2-type), hR6 (MoB2-type), hP6 (ReB2-type), oP6 (RuB2-type), and hR3 (CaSi2-type) structures. The available experimental values of the enthalpies of formation of the transition metal diborides are given in Table 3 .We have included in this table the experimental and calculated values of the formation enthalpies of C32-ScB2 and C32-YB2. The experimental data are scarce and the more often old. They present a large scatter when several determinations have been performed in a system. The calculated values are given for the ground state structure and also for the nearest metastable structure. In the whole, there is an agreement between the experimental and the calculated values and we can emphasize the nice agreement with the calorimetric values of the Kleppa's group [45, 48, 49, [57] [58] [59] [60] [61] 64] . This agreement is very good for diborides of transition metals of Ti and V columns.
The lattice parameters corresponding to the prototypes are indicated in Table 1 . The agreement between experimental and calculated values is good. One may notice that as usual the GGA values of the lattice parameters are slightly higher than the experimental ones. Additionally, those corresponding to the ground state and near stable structures are reported in Table S2 of the Supplementary data. The values of the volume per atom of each compound in each structure are displayed in Figure S2 and in Table S1 of the Supplementary data. The atomic volumes of the compounds present the same evolution with the atomic number as those of the pure transition metals (see Figure S1 of supplementary data). Inspection of Figure 2 gives the possibility of predicting high pressure transitions. Indeed a pressure increase favors the structure possessing the smallest atomic volume. In the case of TiB 2 , one observes that the atomic volume of the tI12 structure is smaller than the one of hP3 structure. Therefore a transition hP3-TiB 2 to tI12-TiB 2 could be possible at high pressure. This prediction is in agreement with the theoretical work of Zhang et al. [3] . The same observation can be made in the case of MoB 2 compounds [4] . In the case of OsB 2 compound, the atomic volume of the hP6 structure is smaller than the one of oP6 structure. Therefore a transition oP6-OsB 2 to hP6-OsB 2 could be expected at high pressure. This was theoretically predicted by Ren et al. [65] , and recently confirmed experimentally [66] . Finally one observes that the molar volume of the hP3 structure is always smaller than the one of the hR6, hP12 structures. This could explain why the hP3 structure is often observed experimentally while the calculations show that this structure is not the ground state. (α-ThSi2-type), hP12 (WB2-type), hR6 (MoB2-type), hP6 (ReB2-type), oP6 (RuB2-type), and hR3 (CaSi2-type) structures.
Discussion
The hP3 (C32) structure is a hexagonal layered structure in which the transition metal atoms are in the plan z = 0 and the B atoms form hexagons in the plan z = 1/2. Figure 3 The bond lengths reported in Table 4 are those calculated for hP3-TiB2 compound. In the ThSi2-type structure (Figure 4 ), the environments of the transition metal and B atoms is identical than the one in the hP3 structure. More the bond-lengths are very near the ones in the hP3 structure. Figure 5a) . The transition metal atoms are surrounded by six B1 atoms and four B2 atoms (see Figure 6 ). The B1 atoms in 2c positions with x = 0.3322 are surrounded by six transition metals atoms and three B1 atoms at a short distance. The B2 atoms in the 2c positions with x = 0.1815 are surrounded by four TM atoms and by three B2 atoms also at a short distance. Therefore the two different B atoms have different coordination numbers (CN = 9 for B1 atoms and CN = 7 for B2 atoms). The environment of the B1 atoms is the same as the one of the B atoms in the hP3 structure. The bond lengths reported in Table 5 are those calculated for hR6-MoB2 compound. Table 1 ). Table 1 ).
In the hP12 structure (WB 2 -type), the B atoms occupy the 2b, 2c, and 4f (z = 0.022762) Wyckoff positions while the transition metal atoms occupy other 4f Wyckoff positions with z = 0.634809 (see Figure 5b) . The environment of the atoms is presented in Figure 7 . The transition metal atoms are surrounded by ten B atoms divided in three B atoms (B1 in the 2b Wyckoff positions), three B atoms (B2 in the 2c Wyckoff positions), and four B atoms (B3 in the 4f Wyckoff positions). The B1 atoms are surrounded by three B2 atoms and six TM atoms. Similarly, the B2 atoms are surrounded by three B1 atoms and six TM atoms. The B3 atoms (4f positions) are surrounded by four TM atoms and three B3 atoms. The B-B bond-lengths are very short as in the hR6 structure. The environment of the B3 atoms is clearly different from the ones of B1 and B2 atoms. One may also quote that the environment of the B1 and B2 atoms is the same as the one of the B atoms in the hP3 structure. The bond lengths reported in Table 6 are those calculated in the case of the hP12-WB2 compound. Figure 7 . The environment of TM and B atoms in the hP12 (WB2-type) structure. The Wyckoff positions of B1, B2, and B3 atoms in the P63/mmc group space are 2b, 2c, and 4f respectively (see Table 1 ). In the ReB 2 -type structure, the B atoms occupy the 4f Wyckoff positions while the transition atoms occupy the 2c ones. The surroundings of the B and Re atoms in the structure are presented in Figure 8 . The transition metal atoms are surrounded by eight B atoms while the B atoms are surrounded by three B atoms at a short distance and by four transition metal atoms. The bond lengths reported in Table 7 are those calculated for the hP6-ReB 2 compound. The environment of the B atoms is the same as the one of the B2 atoms in the case of the hR6 structure and as the one of B3 atoms in the case of the hP12 structure. In the RuB 2 -type structure, the B atoms occupy the 4e positions while the Ru atoms occupy the 2a positions. The surroundings of the B and Ru atoms in the structure are presented in Figure 9 . As in the case of ReB 2 -type structure, the transition metal atoms are surrounded by eight B atoms while the B atoms are surrounded by three B atoms at a short distance and by four transition metal atoms. The bond lengths reported in Table 8 are those calculated for the oP6-RuB 2 compound. The environment of the B atoms in the oP6 structure is the same as the one of the B2 atoms in the hR6 structure and as the one of B3 atoms in the hP12 structure.
We also present in Figure 10 the environment of the atoms in the hR3 (hP9) CaSi 2 -type structure in which the B atoms occupy the 2c positions while the transition metal occupies the 1a positions (in the hR3 description). We can observe that the surrounding of the atoms is very similar to the one in the ReB 2 and RuB 2 type structures. Table 9 summarizes the environment of the transition and boron atoms in the considered structures. There is a reduction of the coordination numbers of both the transition metal and of the B atoms from the hP3 to the hP6 or oP6 structures. The hR6 and hP12 structures are intermediate between them. This probably explains why the formation enthalpies obtained for these two structures are intermediate except in the cases where they correspond to the ground state (Cr column). All the structures considered in the present work are characterized by short B-B bonds. The number of these short bonds remains identical for all the considered structures in the present work. In the last column of Table 9 , the environment of the transition and boron atoms in the oP12 structure is indicated. One may remark that in the case of oP12-FeB2, the TM atoms are surrounded by four B atoms two at a very short distance (1.737, 1.870 Å) and two at a less short distance (2.159 Å). Figure 10 . Environment of TM and B atoms in the hR3 (CaSi2-type) structure.
In order to complete this study, we have computed the electronic densities of states (DOS) as well the partial densities of states of the transition metal and boron of several diborides. The DOS of hP3-TiB 2 is displayed in Figure 11a . The Fermi level is in the bottom of the pseudo-gap which is very deep. The DOS of tI12-TiB 2 (Figure 11 b) also presents a pseudo gap with the Fermi level in the bottom with a number of states near zero. Some differences appear below the Fermi level. The PDOS of B and Ti present a peak around −3 eV due to a strong hybridization between the B p states and the Ti d states. The peak is less high and larger in the case of the tI12 structure. An increase of the number of d electrons leads to a shift of the Fermi-level on the right of the bottom of the pseudo-gap. The DOS of hP3-VB 2 may be found in reference [37] .
The DOS of hR6-MoB 2 and hP12-WB 2 are presented in Figure 11b ,c. They are very similar with a large pseudo-gap and the Fermi-level in the middle of the pseudo-gap. They are relatively similar. In the case of the hR6 structure, the B1 and B2 PDOS are very different. The PDOS of the B1 atoms present more structure than the one of the B2 atoms which is more flat. At the Fermi level the Mo d states dominate. In the hP12 structure, the PDOS of the B(2b) and B(2c) can be perfectly superimposed. They have a flat shape. The PDOS of B (4f) atoms is different with a sharp peak at between −4 and −3 eV. At the same energy, the PDOS of W presents also a sharp peak. These peaks correspond to the hybridization between B p states of B (4f) and d states of W. At the Fermi level and above, the d states of W dominate.
The DOS of hP6-ReB 2 and oP6-RuB 2 (Figure 11e ,f) present a large pseudo-gap. In the case of hP6-ReB 2 , the Fermi-level is in the middle of the pseudo-gap while it is on the right in the case of oP6-RuB 2 due to a greater number of d electrons. 
Conclusions
The enthalpies of formation of TMB2 compounds where TM is a transition element of the beginning of the series 3D, 4D, and 5D have been calculated in the structures hP3 (AlB2-type), hR6 (or hP18) (CaSi2-type), hP12 (WB2-type), hP6 (ReB2-type), oP6 (RuB2-type). Three sets of structures can be distinguished. In the first one, hP3 and tI12, the enthalpies of formation are very similar, the hP3 structure being slightly more stable than the tI12 one at least at ordinary pressure. In these two structures, the TM atoms are surrounded by 12 B atoms and the B atoms are surrounded by 3B atoms and 6 TM atoms. The electronic densities of states of the two structures present the same shape with a deep pseudogap. The Fermi level is in the bottom of the pseudo gap in the cases of Ti, Zr, and Hf. With an increase of the number of d electrons, the Fermi level is shifted on the right of the pseudogap. In the second set of structures, hP6, oP6, and hR3, the TM atoms are surrounded by 8 B atoms while the B atoms are surrounded by 3 B atoms and 4 TM atoms. The third set of structures, hR6 and hP12, represent an intermediate case: the TM atoms are surrounded by 10 B atoms. Again the B atoms are surrounded by 3 B atoms. But half of the B atoms are surrounded by 4 TM atoms as in the hP6, oP6, and hR3, while the other half of the B atoms are surrounded by 6 TM atoms as in the hP3 and tI12 structures. Let us recall that all the considered structures are characterized by short B-B bonds. The order of magnitude of the bond length is 1.7 to 1.8 Å.
The formation enthalpies of the hP3 and tI12 structures display a drastic increase in the 3D, or 4D, or 5D series while those of hP6, oP6, or hR3 are near constant with the atomic number in the transition series. The behavior of the enthalpies of formation of the compounds in the hR6 and hP12 series is in between these two sets. The crossing between the three sets of formation enthalpies occurs around Mn in the 3D series, Mo in the 4D series, and between Ta and W in the 5D series.
